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«+oUCREED OW GLASS CAPILLARIES
anVe Roxyaiiln

2.

Tarcn of warisus kindo moy, as is woll knous " act us
Cosboonoleloers Ln oxddevlon reduceion reactions in solution,
. Lorunan vigiblec iipht they wransfer a "labile® hydrogen atom
. ' oa electres.; Ifrom a suitoble coror (reducing agent) such as
Loasadine, glycerin, glucoce. organic acids, etc., to various
c.ldising azents, L.e. accepto.s of hydrogen (or of electrons)
sush &g molecalar oxygen, quinocne, or cdyes possessing a high
cleetron affinity.

in those cascs when molecular oxygen plays the role of
hyduszen scceptor we have & photosencsitised oxdidation reaction
uvilch leads to local dehydrogenization. The overall chemical result
of such a reaction is a decrcase in the free energy of the system.
Photwccnsiticed hydrogen transfer reactiong are of great interest
24 whe problem of photosynthesis, which should be accompanied by
accumudation of energy, and such reactions in solution have been
Seiwnsed in the Liophotochemical laboratory 2). In these, ascorbic
«CiGy which is a typical reducing agent easily giving up hydrogen,
L.rved ag hydroper. donore. devertholess, in naturel photosynthesis
ves drort molicule of water scorves as the supplier of hydrogen. The
awetural oxtension of this worit is to search for a way of treating
o water molecule by which it may be converted into the reducing
Lo, capable, undexr the action of dye-photoactivation, of trance
{.ering hydrogen to an acceptor, and generating a molecule of oxygens

s one of these means of treating the water molecule, we
ciiose adgorpiion on a hydratable adsorbents. In the present paper
Lwe deseribed experiments carried out on silica gel in the form of a
porous glass, since it was already shown in our laboratoryc3 with
Lz help of infrared spectra (and is well known from adsorption
measwrements) B/ that the hydratior of the surface of silica gel,
because of the formation of surface hydroxyl groups, 1s capable of
scoving as a hydrogen donor,

43 the photosensitiser, and simultaneously the zrimary
Lorérogen acceptor, were chosen organic Oyes the colourless leucoforms
o wnich as is well known are formed as a result of addition ol
nrérogen, To verify that the docoloration of the dyes does occur
<. & recult of the addition of hydrogen, and not as a result of the
csruptive action of light was used the well known method of
wlndesion of oxygen which, taking up nydrogen from the leucoform of
w.e ¢ye should regercrate the latter, with its characteristic colour
c2d absorpvion spectrum, As a sign of the absence of decomposition
v tiie dye was used the possioility of repeated reproduction of the
crpeviment on the same adsorbent., In the present work are employed
tae results of ths investigation of the reversible decolourisation
Jor the most part of methylene blue which, as is well known, has &

L)

2isn oxidation potentici. It ig also well known that methylene blue,
vnder vacuun corditions in alcohol solution or in water plus some
inorganic or organic reducing agents fades on illumination with visible
Zight. The leucofo{m nore-or-less rapidly degencrates the dye in <he
soesence of oxygen (1s5).

za further work other dyes of the Lhiazire class were ugcde-~
thionine, and the indanthrene dve, dibenzpyrenequinone.,
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“hotobleacnin~ of adsorbed msthviene blue

Yt chonze in the abrooratics o
cwe 85 ¢l lerics uvas observed oo a Zocl woasteneier La the
ranie 00=.u0 m o The abeorsison oL Ziyne by the adsovbed aye

w3 determined by comparison of tie zloorted dye on .o porou. glass
e it of Lhe pure porous gizos, for which purpose a special
wroctropuotoreter cell was consuructed. The porous glass was used
= the form of <“ransgparent semicl cular plates of thickn%ss 3ol \Tm,
watl pores of dicmeter 30-LO & and specific surface 65 m°/ge. )

~dcorption occurreu by placing the porpus placy plate nan
Loovs soluvicn of the oye ol concentration 107 - 10 T2 m/l,
Spociad measurcments of the guantity of adsorbed substance showed
ghiﬁ the coverage of the pore surface of the glass did not exceed
cafe

P
<O

Adcorption from alcohol colutions lead to results identiccl
with thoce obtained with aqueous soiutions,

After adsorption the sample wos placed in a gluss cuvebic with
plano perallel windows of diameter 25 mm, and the solvent removed in
2 vacuum system with cold traps to freeze out the vapour, for 20 hours
at 20°C, Next tba samples were subjected to irradiation with a 100 W
hecter lomp, the light of which was focusced with a reflector through
& Iighv filter KC-16 or XKC-1l in the regicn of the long wave absorption
vand of the dye (== 500 m,:). Jor removal of the near infrared
raciovion a water filter of thickness 50 mm was used.

The aocorption spectrum of the adsorbate on the porous gilass
prepered from aqueous or aleoholic solutions is .lowm in fig.l.l, The
acoorbate has in the U.V, region a single absorption maxirum at 310 5,
and in the visible region a principal maximum of cbsorption at 660 m
cnd a secondary peak at 610 m . The 650-660 m,* peak belongs to tho
dyc monomer, and the secondary peak to the dimer,

ATter irradiation in the region of the nrincipal absorption
meidnaen of the dye at 660 mm {iC-156 rilter) for ten minutes, the
adsorbate fades. There remains a small abeorption at 630 mov and the
band at 310 m~ is completely retained (cf. curves 1 and 2 in fig,1),™
The introduction of exygen at a pressure of 250 mm without irradiation
results c.ter a few hours in the restoration of the blue colour of
the dye (quinone behaves similarly); absorption in the long wave band
increases, but is mixed with the 630 m,maximum (curve 3, fig. 1). ;
The reversible re-establishment of the colour of the dye under the !
action of oxygen (in the near ultraviolet, reversible changes also
occur) indicates the formation of the leucoform of the dye and not ;
destructive bleaching. The absorption band with a maximum at 610 m“ |
must be ascribed to the transient form of the dye which apparently |
hes an Identlcal shape with %2? maximum obtained on irradiation of
oxygen~free alchol solutions‘\”/,

hepeated decolourisation of the adsorbate in vacuum requircs :
lonzer irradiation (up to 1 hour, in place of 10 minutes in the first
experiment). In this case, in spite of the increased exposure, the
bleaching of the dye is less complete (L, fig. 1).x The long wave i
abgorption maximum continues to shiit to shorter wavelenglBbs as far as :
600 mr. Admission of oxygen after the second irradiation does not ‘
lead to the original value of the absorption in the absorption region !

% Figures are reproduced at back of translation.
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6. the ¢yve even in the presence of water vapour, vhich usually
Sowdlitouces regeneration of the dye, The absorption maxdimum after

w2 glcoad regeneration is at €00 m,-t -~ that is, it has shifted 60 m./
o the wiort wave slde in relation to the original value, Subsequent
-2 wave irradiaticn of the cdsorbate under vacuunm conditions

Leoducls ro change in the sgpectrunm,

The acsorbate obtoined Iiom more dilute aqueous solutions
ont] n/1) under vacuum cornditicns has in the long wave absorption

3 Gy the princlpal maximum belenging to the monomer at 650 T/H(l,

- =]

fctention of the photobleaching effect even at low
erncentrations of mevhylene blue when one is sure that the molecules
cu wevhylenc waus must be {ixcd on he adsorbent av zreat distances
~rom .ach olhcr ghows that we cannot zscribe the oxidation-reductilon
waotceacachiing to the interaciion of methylene blue molecules with x
cach others C.. irradiation, partial bleaching again occurs (2, fig.2)
with gome chifting of the abcorption band, Admission of oxygen leads
Yo the initial value of the cbsorption but the movement of ithe band is
observed to be more pronounced (3, fig.2).® Repetition of the
Lliwaination results in 2rreversible bleaching of the dye.
To clarily the role of the water adcorbed on the pore
surluce of the glass and of stiructural OH groups, we changed the
noeitod of preparing the adsorbent. The porous glass was baked in
vacuusn ub L450-500°C for 6 hours before cdsorption, In this case all
woriliary condensed ard adsorbed water are removed from the capill ariea,
bue a significant number of Oi groups remain on the surface of the
norous glass.  fter cooling, the porous glass was coaked (under
vaLuun conditions) ir a dry acctone soluticn of methylene blue, with
cuoscquent removal of the solvent by pumping through a cold trap. The
sdeorsate had the came absorption spectrum as before and aleso bleachad
wrenl on illumdnation and recovered its colour in the presence of
O/ OEN e :

£l

The {irst observed reversible bleaching and regeneration of the
motivlens blue colour and snbscguent repetition of weaker effestis leads
<o the conclusion that only the monomer of the dye, on absorption of
Zigzht, is converted to its leucoform at the expense of hydrogen {rom the
surface O groups on the porous zlass.

The muthylene blue dimer, however, does not go over to the
Loacelerm, and consequently is not photoactivated in the present
system. During po:..rful irradiaticn the monomers gradually associatc
<o dimer as a recsult of heating of the adsorbate during absorption of
wigat by the cye.

If oze 3illuminates in the presence of oxygen (W1 = 1.0 mm)
ra3id ghift of the bard {rom 660 to 600 m -’ occurs; 1.e. in the
presonce of oxyzen the formation ol dimer from monomer goes
significantly more rapidly.

P

Tor Lowerin: tha dimericaiicn of the dye on Zlluminz on
cnd o clarily the role of organic bosso. we saturcted the metiyicne
viue adsorbate with pyridune vapour, uiih subsequent removal of the
«.2dddary  cendemsed phase in vacuo.

Uictizylene blue with zdsorbed pyridine appeared more s
- . v . s o e
i complete bleaching occurring for lower exposures. iie

sesuluie eucofom also appeared more sensitive to oxygen; regencration

¢.. the colour occurred very ravidiy (figs. 3 and L). ¥ After the first

. Fizevcs cre reproduced at the back of translation. ' D
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and regneration the dyc ifbusorguien is displaced to
cvition ol tne illwnination and admission of oxypren

) GZd net result in further movements. In the absence

¢ chifis were preater (cf. figs 2 and 3). On

Sepatition of vae illumdnation; and admission of oxygen, ihe pho.o=
aovivity of the adsorbate was decreased, and longer exposures wera
recalre.,  deporeration wos less complete cven on the treatment <l
i adsorvate with water vagour (Jig.L).

L osimilar wheromenon cccurs if the adsorbate is treated
not with pyridine, but with ammonia vapour. The curves re.aluing
Irem repeated decolourdsations and regenerations of the dye in this
CLug are cimilar to those obtained in the experiments on scrples
containing pyridine., The differcnce is only in the lowering of tho
toononission of the sample, because of cracking »f the porous glass,

The bleachin; of methylene blue may be carried out not only
4y the expense of OH groups in the microerystalline glass, but alco
Dy the action of the -0-D of deuterated microporous glass. For, this
mcthylene blue wos adsorbed from a solution in heavy water (10™% mole/l)
on a sample of micropsrous glass with surface -0-D groups. Such an
adsorbate gave in vacuo similar decolourisation under the action of
lipght, and regeneration under the action of oxygen.

The photebleacning of nethrlene blue was subsequently

suwcicd at low temperatures. For this was prepared a glass cell which
had in it an internal glass finger, the outside suriace of which was
silvered and then electrolytically covered with copper. A massive

rass tube with an opaning at the end for the microporous glass was
Lotacred to this metallised finger. Into.the finger was poured
liquid air or alcohol cooled by dry ice. Heasurement of the absorption
¢ :.ctrum was carried out relative 4o alr with the help of a special
avtachment to the quartz Beclman spectrometer,

The absorption spactrum of methylene blue in vacuum on
cooling in liquid air doec not change with respect to the room-
“empergture spectrunm, but irradiation of the cold adsorbate under
these condition, btrings about significantly less photobleaching than
ab room temperature. For spectral observation of bleaching it was
nocesegary to increase the exposure to 1 hour (at room temperature
compleve bleaching was attainec in 10 minutes). On cooling to -70°C,
bleaching was greater than -180°C. x

It follows that photobleaching is strongly temperature

¢ependent, From the curves it also follows that cooling the
cdsorvate hinders the formation of dimers on irradiation, although
this is not completely prevented, In spite of the fact that at

~1809C there is actually capillary condensed oxygen in the micropores
of the glass with a residual pressure in the gas phase of only 5 m
there is absolutcly no regeneration from the lcucoform of the dye.

4 =70° regeneration goes on, but very slowly compared with the time
wzlen at 209C; at an uxygen pressure of 5 mm, complete restoration of

colouws toclk three hours,

Experimnts were also contrived in order to obtain the
louesloma in she presence of cn active hydrogen donor, without
Zlumination, in order to compare its .pectrum with that of the
“cucoform obtained by photochemical reans. To do this, the methylene
blue adsorbate; in vacuum, was subjected to the action of hydrazine
wuacur &t a pressure of 15 mm (without illumination). It wa
oboserved visually that after 15 minutes the adsorbate was almost
corpletely decolouriced. The absorption spectrum of the leucoform of

st Fromen slconol solutions of tuionine at -180°C showed no bleaching
at alli during the time of irradiation (5).




HMVuylunp olue cbtaired in this way adscared to be identical to
Liad of the bleached dye obtaincd photochemically, This leucoform
VL aluo eu:11y regenerated into methylene blue on acmlssion of

ciygen, arier removal of tho hydw»zzine vapour by Irceszing it out

“aCus My TR e < .,

L0 vacuo <. process of blcccealng ard colour re;eneratzon may Ge
r;z:“»' _ﬂv,rul times with the swne wdsorbate. liowever, the
rovergivle bicaching oceurred almost without & Jhili in the absorption

L m, in cowparisen with that »roduced by irraciution, 1.0. was
wilaouv the accoupanying dimerisation process,

ine Cark rormation of tiic leucoform of methylene blue by
e sction of hydrazine on a thin layer of the dye was demonstrated
vy uhe work of .,N, Sidorov, who observed in the colourless layer

lormed, infrared absorption at 3350 er™* corresponding to the NeH
curcvehing vivsation,

Il vas pocsible to pronose that the above described decolourw
Louulen od tho wdeorbate of the Cye occurs in fa?t becauce of a
Ctagheianl wenebish with tenten ol Sean 10h4 uhish bse sresent

3
SURTR R CIEPRE TR ,:, P wR Ve &L e a,:vi..,;v g o w“ NASY }9559 wLE?WﬁG
1”‘““%*”” :”"Vﬁﬁ’Q&i'.T3Z“Qﬂﬁﬁ?i;41kbf Qn?m
CEriaclive  Whe cdsorbave was trcoted wive u 5% zqueous SO ution oz
~iadciie's salt to binu the iron ~ons in a comnlcx comuound The

LY RS

renaining cupillnzy condensed waver wag pwmed off gnd.frozen out
and the cdsorbed methylene blue examined in the usual way. The
ameriuents showed that under vacuum conditions, the same decolour-
sation and spectral changes ocecurred, withoul any special features.
Coucequently the observed reversible bleachinz of methylene blue
.dcorbed on the microporous glass is rot explained by traces of iron

vedSe

Tor & more convincing proof, the artificlal introduction of
Loas ol Jivaiont iron into the porous gliss was tried, The introduction
¢ iron vag carried ouu from an aqueous solution containing methjlen°
vive (Lo~ ~5 mo‘u/. u-un simultcncous adsorpticn ol Lron by immersing
Lo gwnple in s.d o solution of reSOL or a ,05 M solution ¢f Fe {0 ) .

Doon long were wleo 1ntrochCu from amconia solutions and concent‘ated
Uy suoscuacnt removal of water and ammonia, after which the dye was
LaLorecd. Spe vtra; measurcmenti s snowed that iron ions introduced from
LoLGous reSuh o.ly resulted in a Jaster shift of the absorption to the
.ho*te¢ wavelength region--i,e. in durerisation of very weak solution

of the dye. C‘J~en in this cace weakly regenerated the shifted maximum,

Introduction into the pores of trivalent iron, from an aqueous
colution of ‘eq(SC))3 or divalernt iron from aqueous solution resulted
“Loy, on lllumingtlon in a rapid shift of the methylene blue absorption
spechrwn, without bleaching., On admitting oxygen, a movement o the
~ines was producced with almost rno change in intensity.

Thesd ciperiments chow that the traces of iron present in the
Loueus glass o rot influence the decolourisation of methylenc biue
. o

L. that the arvificial introduction of iron ions facilitates not the

oicachinz, oub the dimerisaticn of the dye under the action of lighi,
Wwh2 GLner prodaccd having alresly been established as not photoaciivated.

e the bueic exoc“’:ents on
seoricd out inovho rlor 3% TORONNNY

Sy
.- b

S ¥ :
Lot cultied oult on other QCSOLub.v~—-g_ ica gol &

o Rlree, wiich Like the micrenorous Jlass have ,urface CH o

oo wad *-uc-norea silica ge- znd Zwminosiiicote cavalyst were
ol o pouder and placed in horiszontal test tul..

L. povider was heated in vacuwn. w 500°C for 3-3.5 hours to crive cif

«od freeze out any capillary condensed and adsorbed water and then
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tr;atcd -1 vaeao with acetone selution of methylene blue, with
ceoscquant removal of the colvent in vacuo. The resulting
Ldgorbate wac blue, Irradiatiorn in the absorpiion region of the
¢ye for 1-5 ninutcs led to bleaching of the dye, and admission of
c.ygen tou regereration. Other powders were treated in the same

3 <codium ond potassium salts of silicic acid, barium sulphate,:
sneeium oxide and a powdered picce of corundum, The powdered
zlts of cilicic acid and Ng0, on treatment with acctone solutions
" vhe dve did aot becore blue. The remainder of the powders,

-

L: “¢033 and the powdered corundum were coloured by a methylene
Liuo soluticn of carborundom, However, this colour did not fade

~on

aoue 50 ranutes of irradiation, or on lreatment with water vapour and
seseatea irradiation,

For a more convincing proof we ecarvied out a rcpla%ﬁment
02 the surfuce Oif groups of tiie microporcus glass by caleium‘B/ Iin
the following way.
Firgy the microporous glass was irmersed in saturated
colution of Ca(Vif),, obtained by the action of metallic calcium on
rater, for LY hours, After two hours of washing with distilled
vaver, and resoval of the capillayy condensed phase in vacuum the
microporous glass became opaque. Then it was hcated at 500°C for
Lares hours and coaked in an acctone solution of methylene blue,
Yae resulting pale blue sample was not bleachcd on irradiation in
vacue for 30 minutes, From this it obviously follows that the

. piiotodleaching ol methylene blue occurs as a2 result of the presence
of surface =0l groups of the microporous glass, silica gel, and

5 wumirosilicate catalyst. -

/ Lymerinents were carricd sut on the dblcaching of jointl
cagorbed safranin T, and 2 chlor-phenylindophenol, with methylene
vlue. Thd oabcorption maximum of thc first dye is in the region

1:0-560 m/'and the second L60~560 m.” , These maxima do not co-

incide with that of methylere blue, Irradiation was only in the

osorption region of the latter, tnrough a KC-11 filter. The

dyes were adcsorbed Irom aqueous and alcohol solutions either

‘together with the me’hylene blue or separately, The methylene blue

faded on irradiation .n the usual way, but the safranin T and 2 chlor

phenylindophenal showed no sign of bleaching, We must add that
safranin T and 2 chlor phenylindcphenol when adsorbed separately on

the porous glass did not fade when irradiated in their own absorption
bands,

[, I RN X
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Protobleaching of Dibenzpyrene-quinene, and Thionine

Preparation of samples of dibonzpyrere-quinone and thionine
was carried out as described above for methylene blue. The DBRQ
cdsorbaie on the porovs glass was prepared from alccholic solution
weid not from wcicr as for methylene blue) ard after treatment wis
wrridine vapour and pumping out, after 20 minutes irvadiation wi<th
.zht from the unfiltered lamp, was bleached faster and more complevely
waen in the absence of pyridine (fig, 5) ¥, i,e, behaved in the scme
way as methylene blue (figs. 3 and L)X, Oxygen regenerated the dye
&imost completely.

Eowcver, further bleaching and regeneration was significantly
warce ard slower. Consequently ireatment of the adsorbate with
wyosdine facilitated the reversitie bleaching.

fL

i
3

;

x TFigures are reproduced at back of transiation.
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‘ <o the thionine adsorbute, somewhat different behaviour was
costrveds  Yie thionine adsorbate obtained from aqueous solution vas
fuigntly blcached on irradiation through the X3 13 filter for 10 minutes,
Ciyzen ¢t 250 mm pressure regenerated the due but this process was not
caruleted in 16-20 hours or in even longer exposure. Repeatea photo~
bleachinz of the adsorbed dye required longer exposures (30-60 min.) to
Cive bleaching to the same degree as in the first 10 minute 0XpOosUrEC,
C.yzen did not result in reversiblo regencration of tha dye, even in
w-Dolires up to LO hours--i.e. repcated bleaching of the adsorbate leacds
©o Lrreversible bleaching of thionine. Creatment of the adsorbate
VLS pyciding €id not lead *o good repetition of the reversible bleaching,
G5 wis the case for the methylere blue ard dibenzpyrenz quinone
RURLAR TRV N

The thionine adscrvate after vreatment with pyridine vapour
UGS cignilficantly lcss bleached afier 10 minutes exposure, and was still
WORLs reglocrated in the pressure oxygen. Repeated irradiation of the
tagorbate (30 minutes) in high vacuum leads to irreversible bleacking:
oyzen oven for 75 hours does not change the absorption intensity of the
sesulting cye.

“he prosent investigation was carried out under <he direction
o2 ..l Tcrenin to whom the autior is indebteg for hils scientific
cuucavion. The author expresses his thanks to Aseistant E.B, Lubomudor
vizo touk part in this work.

Concdurions

(ay ¥ AC urbed metiylene blue on micrororous glass shows initially

sovetinile tleacuing under irradisiion and regencraticn with wolecular
€., gea in the presence of organic and inorganic taces,

) Saring the Zrradiztion as a resuls of heating by the 1i-ht, paxt
o wis Gyo monower is convericd to dimer which is rot reversibly bleached,

(=} Prowchleachine of the adeorbed dye ocecurs at low Lemperature
\-365%; =) significantly rmore weakly than at room temperature,
C..ikiay condenced oxygen at low temperature has almost no regenerating
vaJesd on e leucofornm of tae dyce

vy Dhunis of dren present in ihe microporous glass deo not influence

N..s Bieaculiag of cdsorbed methylena blue, ard the artificial

Lusroduction of iion faeilitates not the bleaching process, but only

v dimerisation of the dye uncer the action of light.

-
s

¥6) The reversible photobleaching and regeneration of adsorbed

Gioenzypyrene~quinone on microporous glass in the presence of organic
bases was observed,

{(6) Aidditional experiments show the part played by surface OH groups

on the porous glass and other adsorbents in the photoreduction of
mathylens bLlue. /.

Received 15. 2 ol956
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v = Speelursl trancrdcocion of methylone blue on porous pglass,
Lo duluicli gpectrun in vacwo. Z. dAfter 10 minutes of

Liiwdnations 3. After 0 hours in thc dark in the presence
6. 0o .o 250 mm., L. Oxygen pumped out, After a second
iorpdicvion for 1 houre S. After 22 hours in the dark in the
presence of 250 mm. of 02,

t .

o g Y g Y gy Y wme Y o

TLpe 2. Snicbwdd tocnomizeion of the szthylene blue cdsorbato.
P Loring cocctiwn Lo vacuo. 2. Alier 5 minutes irradiation
3¢ Auuer 40 nours in dorkiness, + 2030 mme Op ond 15 mm. of water
vapour. we. «Lfter 30 minutes of re-irradiction in vacuo.

5. Afver LO bours in tho dark + 250 mm. O + HoC vapour.

“s

» {6

Tiz. 3. Spectral uransmission of adsorbed methylene blue +
pyridine. l. Initial spectrum. 2. After § minutes vacuun
irradiation. 3. After 2.5 hours in dark + 250 mm, of O,. :
e After 5 minates repeated irradiation in vacuo. 5. After

19.5 hours in the dark + 250 mm. of Op., 6. After 10 mimutes :
ol repeaved frradiation. 7. After 37 hours in the dark + 4 ‘
. 250 ma. of Og, :
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ewJe o ce L0onEmIISion oV Liporosd mothylena blue in pyridine.
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Fig.s Spectral transmissior of the cdsorbate of d&ibenzpyrene
guinone on porous glass, with pyridine. 1, Initial (vacuunm)
spectrum, 2, After 30 minutes irradiation in vacuo. 3. After
17 hours in the dark, with 250 mm., of Op. L. 4ilter 1 hour of
repeated irradiation in vacuo. 5. After L2 hours in the dark
in the presonce of 250 mn, of O 2nd 15 rm. ol water vapour.




